The fission yeast telomerase RNA (TER1) precursor harbors an intron immediately downstream from its mature 39 end. Unlike most introns, which are removed from precursor RNAs by the spliceosome in two sequential but tightly coupled transesterification reactions, TER1 only undergoes the first cleavage reaction during telomerase RNA maturation. The mechanism underlying spliceosome-mediated 39 end processing has remained unclear. We now demonstrate that a strong branch site (BS), a long distance to the 39 splice site (39 SS), and a weak polypyrimidine (Py) tract act synergistically to attenuate the transition from the first to the second step of splicing. The observation that a strong BS antagonizes the second step of splicing in the context of TER1 suggests that the BS-U2 snRNA interaction is disrupted after the first step and thus much earlier than previously thought. The slow transition from first to second step triggers the Prp22 DExD/H-box helicase-dependent rejection of the cleaved products and Prp43-dependent ''discard'' of the splicing intermediates. Our findings explain how the spliceosome can function in 39 end processing and provide new insights into the mechanism of splicing.
The enzyme telomerase replenishes repetitive DNA sequences at the ends of eukaryotic chromosomes that otherwise shorten with each round of replication (Blackburn and Collins 2011) . At its core, telomerase is comprised of a catalytic protein subunit and a noncoding RNA component. The RNA serves as a scaffold for the assembly of the holoenzyme and provides the template for telomeric repeat synthesis by the catalytic subunit telomerase reverse transcriptase (TERT).
The gene encoding the telomerase RNA subunit from the fission yeast Schizosaccharomyces pombe has been identified (Leonardi et al. 2008; Webb and Zakian 2008) , and examination of the maturation pathway revealed that the RNA is first transcribed as a longer polyadenylated precursor containing an intron immediately downstream from the 39 end of the mature form ).
Interestingly, the mature 39 end of TER1 is generated by a single cleavage reaction at the 59 splice site (59 SS) akin to the first step of splicing ( Fig. 1A) .
Prior to cleavage, a ring of seven Sm proteins binds the TER1 precursor directly upstream of the intron and recruits the methylase Tgs1, which converts the monomethyl guanosine cap at the 59 end of TER1 into the trimethyl guanosine form (Tang et al. 2012) . After cleavage by the spliceosome has occurred, Sm proteins dissociate from the RNA and are replaced by a related protein complex comprised of seven Like-Sm proteins: Lsm2 to Lsm8 (Wilusz and Wilusz 2005) . The Lsm complex protects the 39 end of telomerase RNA against degradation and promotes assembly of the RNA with the catalytic subunit of telomerase (Tang et al. 2012) . The identification of several key events that convert the telomerase RNA precursor into the mature form has laid the foundation for mechanistic studies. A question of particular interest is how the spliceosome carries out a single cleavage reaction in 39 end processing when its normal role is to remove introns in two tightly coupled steps.
In the first step of intron excision, the 29 hydroxyl of the branch point (BP) adenosine, located within the branch site (BS) sequence, attacks the sugar-phosphate bond at the 59 SS, forming a 29-59 linkage and producing a free 59 exon and a branched species, termed the lariat intermediate (Wahl et al. 2009 ). In the second reaction, the now exposed 39 hydroxyl of the upstream exon attacks the phosphate at the 39 splice site (39 SS), yielding ligated mRNA and the lariat form of the intron. Although the TER1 intron contains all RNA elements required for complete splicing, the level of spliced TER1 accounts for <1% of TER1 isoforms in actively growing cells .
Consistent with telomerase RNA 39 end processing involving only the first step of splicing, nucleotide changes at the 59 SS and the BP adenosine blocked TER1 maturation . In contrast, mutations at the 39 SS did not impair the accumulation of the cleaved form but eliminated the small amount of spliced TER1 that is normally observed ). Direct evidence for spliceosome-mediated 39 end processing of TER1 came from experiments in which 59 SS mutations were rescued by compensatory changes in the U1 snRNA, which base-pairs with the 59 SS during spliceosome assembly. Furthermore, replacement of the TER1 intron with a heterologous intron from a protein-encoding gene resulted in the production of spliced TER1 RNA, which failed to support telomerase activity. When the 39 SS was mutated in this context, some cleaved TER1 was produced, and telomere maintenance was partially restored . Blocking the completion of splicing is thus of pivotal importance for producing functional telomerase enzyme.
The mechanism of splicing has been studied primarily in the context of protein-encoding genes. There, release of the 59 exon after the first cleavage reaction would block gene expression, as released splicing intermediates will be degraded rather than translated. It is thus no surprise that the two steps of splicing are tightly coupled, and at least for some introns, the first step of splicing is Figure 1 . The TER1 intron contains all elements required for spliceosomal cleavage. (A) Schematic of TER1 39 end processing by the first step of splicing. The BS is shown as a circle, and poly(A) tails are indicated by dashed lines. (B) Northern blot on RNA isolated from cells expressing reporter constructs as indicated. Ura4 sequence is shown in blue, TER1 sequence is in green, and mutations at the 59 SS and 39 SS are symbolized by red crosses. (Top panel) A 32 P-labeled oligonucleotide complementary to the second exon (position indicated by purple line above lane 3) was used for detection of precursor and spliced forms. (Middle panel) The Northern was reprobed with a radiolabeled oligo complementary to the first exon to also visualize the cleaved form (position of probe is indicated by red line above lane 3). A probe against snoRNA snR101 was used as loading control (LC). (C) Schematic of RNaseH cleavage assay. Cleavage sites are indicated by clusters of vertical arrows. Those cleavage products that are homogenous in size and visualized on Northern blots are underlined. The probe used for detection of all three forms is indicated by a red line. (D) RNaseH cleavage followed by Northern blot analysis of the indicated constructs. TER1 sequences are in green, URA4 sequences are in blue, and a red arrow points to the cleaved form. Products were detected using a probe complementary to the first exon as indicated in C. (Lane 1) The ratios of cleaved form to LC for each lane were normalized to wild type, with the data being represented as mean 6 SEM from three independent experiments. (E) As in D for additional constructs, including one that places the TER1 intron in an entirely heterologous context (shown in lane 4). Differences in mobility for each form between lanes reflect differences in the length and sequence of constructs used. Quantification as described in E, with n = 2. dependent on the presence of an intact 39 SS (Reed 1989; Romfo and Wise 1997; Hilleren and Parker 2003) . It is presently unclear whether fission yeast telomerase RNA is unique in using the first step of splicing for 39 end processing or whether it is the first example of a class of noncoding RNAs that are processed in this manner. The observation that introns are found near the 39 ends of telomerase RNAs from several other fungi indicates that spliceosomal 39 end processing is at least not limited to S. pombe (Gooding et al. 2006; Gunisova et al. 2009; R Kannan and P Baumann, unpubl.) .
Here we show that the ability of the spliceosome to function in 39 end processing is intrinsic to the kinetic quality control mechanism that permits discard of suboptimal intermediates (Hilleren and Parker 2003; Mayas et al. 2006 Mayas et al. , 2010 Harigaya and Parker 2012) . The uncoupling of the first and second step of splicing that occurs naturally in the context of TER1 processing provides new insights into the roles of the BS in splicing.
Results

RNA elements within the intron inhibit the second step of splicing
Many RNA processing events are initiated by the recruitment of processing factors to the C-terminal domain (CTD) of RNA polymerase II (Hernandez and Weiner 1986; Baillat et al. 2005; Moldon et al. 2008) . These factors travel with the polymerase during transcription and act on the nascent RNA transcript upon recognition of a processing signal (Bentley 2005) . To test whether the ter1 promoter and first exon are required for 39 end processing by the spliceosome, we replaced them with the promoter and ORF of the ura4 gene. As the binding of Sm proteins directly upstream of the 59 splice site may be responsible for inhibiting the completion of splicing, 14 nucleotides (nt) of TER1 sequence, including the Sm site, were included in the chimeric construct. A radiolabeled oligonucleotide probe complementary to TER1 exon 2 was used to detect the precursor and spliced forms (Fig. 1B, top panel) . Reprobing the Northern with a probe complementary to the first exon (Ura4 ORF) revealed an additional faster-migrating form corresponding in size to the first exon, the expected product of the first step of splicing ( Fig. 1B, middle panel) . This form was insensitive to a mutation of the 39 SS ( Fig. 1B , middle panel, lane 4) but was abolished when the 59 SS was mutated ( Fig. 1B , middle panel, lane 5). Its identity as the product of spliceosomal cleavage was further confirmed by cloning and sequencing its 39 terminus (Supplemental Fig. 1 ). Consistent with previous findings in the context of endogenous TER1 , reducing the distance between the BP and 39 SS to 9 nt promoted complete splicing (Fig. 1B, lane 6) .
The similarity in sizes and length heterogeneity arising from multiple polyadenylation sites and variable poly(A) tail length complicated quantification of the different RNA forms on Northern blots. This issue was resolved by treating the RNA with RNaseH in the presence of two DNA oligonucleotides complementary to sites in exons 1 and 2, respectively (Fig. 1C ). Following RNaseH cleavage, precursor, spliced, and cleaved forms resolved into three well-separated bands (Fig. 1D , lane 1). A 2.3-fold increase in the cleaved product was observed when the second step of splicing was blocked by a 39 SS mutation (Fig. 1D , lane 2). A 59 SS mutation reduced the first step by >10-fold (Fig. 1D, lane 3) , and shortening the BP-to-39 SS distance promoted complete splicing (Fig. 1D, lane 4) .
The observed cleavage of a reporter containing a heterologous promoter and first exon indicated that the TER1 Sm site, intron, and second exon contain all elements required to inhibit the second step of splicing. To further define the essential elements, we deleted the Sm site (Fig. 1E, lane 3) and replaced the TER1 second exon with the 39 untranslated region (UTR) of URA4 (Fig. 1E, lane 4) , neither of which reduced the levels of the cleaved form. The spliced form was more abundant in the context of the URA4 39 UTR than in the presence of the TER1 second exon. This may reflect differences in stability between the two products or a context dependency of splicing efficiency. In either case, these results show that the TER1 intron is sufficient to promote spliceosomal cleavage of a heterologous RNA and thus harbors the elements required to uncouple the two transesterification reactions.
The strength and spacing of the 39 intronic elements control uncoupling
Since deletion of 14 nt between the BP and 39 SS promoted complete splicing, we asked whether inhibition of the second step of splicing was due to the long distance or a specific sequence motif. Starting with the ter1-55 mutant ( Fig. 2A ) we increased the distance between the BP and 39 SS in a stepwise manner by insertion of adenines. Adenines were chosen, as increasing pyrimidine content between the BP and 39 SS has been shown to promote splicing in fission yeast (Romfo and Wise 1997) and metazoans (Reed 1989) . As the BP-to-39 SS distance was increased from 9 to 12 and 16 nt, we observed a stepwise increase in the cleaved form ( Fig. 2B ). However, the spliced product was also readily detected by Northern blot for all three constructs and dominated over the precursor in RT-PCR analysis (Fig. 2C ). Further increasing the distance from 16 to 20 nt resulted in an eightfold increase in the cleaved product, indicating that the second step of splicing was specifically inhibited by the increased distance between the BP and 39 SS. The first step appeared unaffected by the replacement of endogenous TER1 sequence with adenosines, as the 9+11A and 9+14A constructs yielded as much or more cleaved product as wild-type TER1 (Fig. 2B , cf. lanes 1 and 4,5).
The observation that the first step but not the second step of splicing proceeded efficiently in the 9+14A mutant was surprising, as the replacement of endogenous TER1 sequence with 14 adenosines eliminated the polypyrimidine (Py) tract. Biochemical analysis in fission yeast cellfree extracts has identified the Py tract as an important element in spliceosome assembly at a step preceding U2 recruitment (Huang et al. 2002) . In humans, Py tract strength predominantly affects spliceosome assembly and efficiency of the first step (Reed 1989; Coolidge et al. 1997 ), but effects of length and sequence on the second step have been observed as well (Reed 1989; Fu et al. 1991; Umen and Guthrie 1995) .
To further investigate the effect of pyrimidine content in the context of telomerase RNA 39 end processing, additional constructs with weak and strong Py tracts were synthesized and integrated at the TER1 locus ( Fig.  3A) . TER1 itself has a moderately strong Py tract with an uninterrupted run of five pyrimidines and an overall pyrimidine content of 65% between the BS and 39 SS. Increasing the pyrimidine content favored completion of the second step, as indicated by a twofold reduction in the cleaved form and now readily detectable levels of fully spliced product for the Py + construct (Fig. 3B ). In contrast, loss of the Py tract in the context of the TER1 intron had little effect on the first or second step of splicing (Fig. 3B,  lane 3) .
A role for U2AF in promoting the second step of splicing During spliceosome assembly, the Py tract is bound by the large subunit of U2AF (U2AF65 in mammals; U2AF59 in fission yeast) Green 1989, 1991; Potashkin et al. 1993) . Py tract strength correlates with U2AF65binding affinity, and selection experiments have shown that U2AF65 prefers binding sites containing uridines over cytosines (Singh et al. 1995) . Replacement of the five cytosines in the TER1 Py tract with uridines (C2U mutant) resulted in an increase in the spliced form at the expense of the first-step product (Fig. 3B, lane 4) . This result further supports that a strong Py tract favors completion of splicing and indicates that the effect may be mediated by U2AF.
We thus examined processing of the TER1 reporter construct in the context of a temperature-sensitive allele (ts) of U2AF59 (Haraguchi et al. 2007) . When RNA was isolated from cells immediately after shifting to the restrictive temperature, a 2.5-fold lower level of cleaved TER1 was observed in U2AF59 ts compared with wildtype cells (Fig. 3C ). This is consistent with a modest assembly and first-step defect even at the permissive temperature. Interestingly, no further reduction in the first-step product was observed in the mutant after 30 min at the restrictive temperature. However, the second step of splicing was now impaired, as evidenced by a twofold Figure 2 . A long distance between the BP and 39 SS inhibits the second step of splicing. (A) Intronic sequences of TER1 constructs used in B and C. Splice sites and BSs are in capital letters for emphasis. Inserted adenosines are underlined. (B) Northern blot analysis for ter1 constructs expressed from plasmids under the control of the ter1 promoter. RNaseH cleavage was used to improve resolution of precursor, spliced, and cleaved forms. The cleaved form was quantified relative to loading control snRNA101 (LC) and normalized to wild-type levels. The data are represented as mean 6 SEM, with n = 2 for ''9+3A'' construct and n = 3 for all other constructs. An arrow points to the cleaved form. (C) RT-PCR across the TER1 intron to visualize the relative abundance of precursor and spliced forms. Figure 2B , with n = 2. (C) Northern analysis of RNA from cells containing the ura4 reporter with TER1 intron in the context of prp2 + (U2AF 59 ) and prp2 D307N mutant, respectively. Cells were grown at 25°C to 5 3 10 6 cells per milliliter, shifted to 36°C, and harvested after 0 or 30 min. (Lane 1) Quantification of cleaved and spliced forms relative to LC (snR101) for each lane and normalized to wild type. Quantification was performed as in Figure 2B , with n = 2. reduction in the level of spliced form in the mutant. Taken together, these observations reveal that in the context of the TER1 intron, the first step of splicing occurs largely independent of the presence of a Py tract. Notably though, completion of the second step of TER1 splicing was favored by a strong Py tract and functional U2AF59.
Unexpected role for the BS in inhibiting completion of splicing
Although the BP-to-39 SS distance is about twice as long in the TER1 intron than the median distance for all annotated introns in the S. pombe genome (see below), well over 100 introns in protein-encoding genes have a similar or greater BP-to-39 SS distance. We thus wondered whether these introns are efficiently spliced. The first intron in the fcp1 gene encoding for a serine phosphatase (Meyer et al. 2011 ) resembles the TER1 intron in overall length and architecture, with a BP-to-39 SS distance of 24 nt (Supplemental Fig. 2A,B ). However, when this intron was inserted into the reporter, robust completion of splicing was observed (Fig. 4A, lane 2) . The intron was also efficiently spliced in the context of the endogenous fcp1 gene (Supplemental Fig. 2C ). A longer distance between the BP and 39 SS is therefore not sufficient to account for the uncoupling of the first and second step of splicing in TER1.
To identify sequence elements responsible for spliceosomal cleavage, several chimeric introns were generated and tested in the context of the reporter assay. Chimeras containing TER1 sequences upstream of the BS and FCP1-derived sequences between the BS and 39 SS were spliced well, whereas reciprocal chimeras were processed poorly ( Fig. 4A; Supplemental Fig. 2D ). Most notable, in otherwise identical constructs, spliceosomal cleavage was observed when the BS sequence was derived from TER1 but not with the BS sequence from FCP1 (Fig. 4A , lanes 3,4; Supplemental Fig. 2D ). This observation was surprising, as cross-linking between U2 and the BS in the pre-mRNA and in the excised intron lariat had led to the view that the U2-BS association is maintained through both steps of splicing (Wassarman and Steitz 1992) . In contrast, our observation suggests that a tight U2-BS interaction promotes accumulation of the 59 cleavage product, although in the context of the reporter, the spliced form still predominates.
The TER1 BS is fully complementary to the BS-binding sequence in U2 snRNA (Fig. 4B ), whereas the BS in FCP1 intron 1 deviates by two nucleotides from the U2 complement, resulting in a mismatch and the replacement of a G-C base pair with a G:U wobble (Fig. 4B ). These two nucleotide differences alone reduced the level of cleavage product by 10-fold ( Fig. 4C) . Restoring one or the other of the Watson-Crick base pairs resulted in spliceosomal cleavage at 16% and 27% of the level observed with the TER1 intron, respectively (Fig. 4C, lanes 3,4) . When both nucleotides were changed together, spliceosomal cleavage products accumulated to 56% of the TER1 control (Fig. 4C, lane 5) . Further increasing the distance between the BS and 39 SS to 38 nt stimulated spliceosomal cleavage at the expense of splicing, whereas reducing the distance promoted the second step of splicing ( Fig. 4D) .
These observations demonstrate that, at least in the context examined here, the U2-BS interaction has opposing effects on the first and second step of splicing. High U2 complementarity promotes spliceosome assembly and the first cleavage reaction but is inhibitory to the Northern blot analysis of reporter constructs that contain the TER1 intron (green) or FCP1 intron (pink) between the ura4 ORF and 39 UTR (blue). Chimeric reporters contain the TER1 or FCP1 BS, indicated by green or pink filled circles, respectively. A probe against snR101 was used as loading control (LC) for normalization of cleaved form relative to lane 1, with the data being represented as mean 6 SEM (n = 2). (B) Schematic of base pair interactions between U2 snRNA and BSs of FCP1 and variations, including the TER1 BS sequence. A vertical line is used to represent Watson-Crick base-pairing, and two dots represent G:U interactions. The bulged adenosine at the BP is drawn above the paired sequence. Nucleotide changes from the wild-type FCP1 sequence are highlighted in green. (C) Northern blot analysis for reporter constructs with the FCP1 intron containing the indicated BS sequences. Quantification is as in A, with n = 2 for UAUUAAC and AACUAAC mutants, and n = 3 for other mutants. (D) Distance between the BP and 39 SS was varied in the context of the FCP1 intron with a strong BS (for schematic, see Supplemental Fig. 2E ). The cleaved forms were quantified relative to loading control (LC) and normalized to lane 1 (n = 2). completion of splicing. The most parsimonious explanation for these findings is that U2 must dissociate at least partially from the BS for splicing to proceed beyond the first step.
Our findings are reminiscent of prior observations revealing that U6 snRNA has to dissociate from the 59 SS of the Saccharomyces cerevisiae actin intron between the first and second step and that hyperstabilization of this interaction inhibits the second step (Konarska et al. 2006 ). The 59 SSs in TER1 and FCP1 differ only at position +4, with a uridine in TER1 contributing an additional base pair with U6 as opposed to a C/A mismatch in FCP1 (Supplemental Fig. 3A ). We speculated that more extensive basepairing between U6 snRNA and the 59 SS in TER1 also contributes to slowing the transition from the first to the second step and thus favors the release of the firststep products. However, replacing the 59 SS in FCP1 with that of TER1 or two other sequences with increased U6 complementarity did not have the expected effect (Supplemental Fig. 3B ). Instead, splicing went to completion for GUAUGU in the context of the FCP1 intron, and GUCUGU and GUCAGU inhibited splicing altogether.
The 'discard' pathway promotes spliceosomal cleavage
The transition from the first to the second step of splicing involves major conformational changes within the spliceosome. Biochemical experiments using budding yeast cell-free extracts have revealed a quality control mechanism that monitors the success of exon ligation (Mayas et al. 2006 (Mayas et al. , 2010 . When the DExD/H-box helicase Prp22 hydrolyzes ATP prior to the exon ligation step, the splicing intermediates are rejected. This process has been suggested to permit recycling of spliceosomes bound to mutant RNA substrates that arise due to RNA polymerase errors or mutations in the DNA template (Semlow and Staley 2012) . It also allows recovery of spliceosomes that have selected suboptimal 39 SSs.
Here we identified several elements in the TER1 intron that encumber the first-to-second-step transition and may thus trigger Prp22-dependent ''discard'' of the first-step products. Based on sequence similarity with S. cerevisiae PRP22 and other DExD/H-box helicases (Xu and Query 2007) , we designed point mutations in S. pombe prp22. T665A and H634A displayed weak temperature sensitivity, whereas S663A was strongly cold-sensitive (Supplemental Fig. 4A ). As Prp22 promotes the release of firstand second-step products in an ATPase-dependent manner and also stabilizes the exon ligation conformation in an ATPase-independent manner, it was important to distinguish between these effects. Mutations that affect the ATPase activity and thereby impair ''rejection'' are expected to permit increased completion of splicing, whereas mutations that compromise the Prp22 function in exon ligation will reduce the amount of spliced product. We therefore calculated what fraction of RNA had undergone the first and second step, respectively, and normalized to the wild-type sample at 32°C, for which both values were set to 100. Although such quantification does not directly measure the actual percentage of RNA molecules that are released after the first step, it is nevertheless an established measure for first-and second-step efficiencies (Konarska et al. 2006 ). All three mutations in the Prp22 helicase domain shifted the ratio of first to second step product in favor of spliced RNA, supporting a role for the ''discard pathway'' in TER1 biogenesis (Fig. 5A,B ; Supplemental Fig. 4B ).
The Prp43 helicase functions downstream from Prp22 in the release of spliced mRNA as well as the discard of suboptimal splicing intermediates (Mayas et al. 2010) . A mutation in budding yeast PRP43 further revealed a role in enhancing the specificity of exon ligation by repressing the use of a cryptic 39 SS. Consistent with a role for S. pombe prp43 in TER1 processing, two mutations (Supplemental Fig. 4C ) also reduced first-step and increased second-step efficiencies for the TER1 reporter (Fig. 5C ).
In summary, several RNA elements in the TER1 intron act cooperatively to attenuate the second step of splicing, thus creating an opportunity for the rejection and discard of (A) Northern blot analysis of reporter containing wild-type TER1 intron. RNA was isolated from prp22 + and prp22 T665A cells initially grown at 32°C to 5 3 10 6 cells per milliliter, shifted to 22°C, and harvested immediately. First-step efficiencies were calculated as cleaved plus spliced form over all forms normalized to wild type at 32°C multiplied by 100. Second-step efficiencies were calculated as spliced form over cleaved plus spliced form normalized to wild type at 32°C multiplied by 100. Data are represented as mean 6 SEM (n = 3). (B) Northern blot analysis of a second Prp22 mutant prp22 S663A . Analysis of TER1 processing is as in A, with n = 3. (C) Analysis for prp43 S229A and prp43 R406N by Northern blotting. Quantification is as described in A, with n = 2. the splicing intermediates in a Prp22-and Prp43-dependent manner.
Global selection against spliceosomal cleavage
We next examined what fraction of annotated fission yeast introns share the combination of a strong BS, long distance, and weak Py tract and are therefore likely candidates for spliceosomal cleavage. While the use of the spliceosome in 39 end processing may be limited to noncoding RNAs, spliceosomal cleavage could also serve a function in regulating gene expression by reducing the amount of spliced mRNA that is produced (Harigaya and Parker 2012) .
To identify putative BSs, we first used a Gibb's sampler algorithm to identify motifs that are overrepresented in S. pombe introns (excluding the 59 and 39 SSs) (see the Materials and Methods for details). The positional weight matrix (PWM) generated by this approach strongly resembled known BSs (Fig. 6A ). We then used the PWM to score every position in the intron data set. This score (referred to as S BS ) ranges from 1.0 to 7.86. Plotting the S BS values versus their positions relative to the acceptor site revealed that sites with scores >6 clustered near the 39 SS (Supplemental Fig. 5A ) Only 189 annotated introns (4%) returned no match for a site with S BS > 6.0 and were excluded from further analysis. Forty-two percent had exactly one site with a score $6, and the remaining 54% had more than one such site (Supplemental Fig. 5B ). For introns with more than one site $6, the site closest to the 39 SS was chosen as the putative BS.
With putative BSs mapped in this manner, the mean distance from BP to 39 SS was 11 nt (Fig. 6B) , a finding that is in good agreement with the positions of predicted BSs based on a subset of fission yeast introns (Zhang and Marr 1994) . For 96% of introns, the distance was <20 nt, and only 176 introns had a distance between the predicted BP and 39 SS in the range of where we detect uncoupling of splicing for TER1 (Fig. 6C) . We next compared the strength of the BSs between these introns and those with a shorter distance. Whereas 60% of introns with a BP located within 20 nt from the acceptor have strong predicted BSs (defined as a score >7.0), only 30% of introns with a distance >20 nt have strong BSs (Fig. 6D ). This statistically significant difference (x 2 P-value = 9.1 3 10 À15 ) between these categories demonstrates that the combination of a strong BS and a long BP-to-39 SS distance is underrepresented in introns of protein-encoding genes.
We next plotted the uridine to pyrimidine ratio over the pyrimidine content as a measure of Py tract strength for the 10 introns that share the consensus BS sequence with TER1 and have a BP-to-39 SS distance of $20 nt (Fig. 6E) . With the exception of MBX1 intron 3, all candidates have stronger Py tracts than TER1. The two introns that resembled TER1 most closely were cloned into the reporter construct and examined by Northern. No cleavage was observed for MBX1, but the free 59 exon was readily detected for ATP23 (Fig. 6F) . To assess whether the cleavage of the ATP23 RNA was a consequence of placing the intron into a heterologous context, we examined the endogenous message in the context of wild-type fission yeast and an rrp6 deletion. The latter compromises the activity of the nuclear exosome and is thus expected to stabilize a released 59 exon. We indeed observed the spliceosomal cleavage product for ATP23 in both strain backgrounds (Supplemental Fig. 5C ). However, unlike TER1, the spliced form of ATP23 RNA dominated over the cleaved form in steady state. In summary, the combination of RNA elements that promote the uncoupling of the two steps of splicing is largely absent from the vast majority of annotated introns, but at least in one case, cleaved pre-mRNA is detected. Importantly, the global analysis exposed a fervent anti-correlation between a strong BS and a long BS-to-39 SS distance.
Discussion
The realization that fission yeast telomerase RNA 39 end processing is carried out by the first step of splicing was surprising at first. The need to accurately remove thousands of introns from pre-mRNAs has resulted in tight coupling of the two steps of splicing so as to not inadvertently release the intermediates. Utilization of the first step of splicing as a means for 39 end formation necessitates that splicing is aborted after the first cleavage reaction. Here we show how the spliceosome can be converted into a 39 end processing machinery in the context of TER1 RNA: A combination of RNA elements that promote spliceosome assembly and the first step but encumber the transition to the second step is sufficient to uncouple the two reactions and promote the release of the free 59 exon via the discard pathway. In addition to providing further insights into the mechanism of telomerase biogenesis, these studies shed new light onto aspects of the splicing reaction that are still only poorly understood.
A conserved role for distance and the Py tract in regulating the second step
The most obvious feature that distinguishes the TER1 intron from the majority of introns in fission yeast is the distance between the BP and 39 SS. At 23 nt, TER1 is in the top three percentile of introns with respect to BP-to-39 SS distance. Although the BP-to-39 SS distance varies considerably between introns, there is a clear speciesspecific optimum into which the majority of introns fall. In budding yeast, the mean distance between the BP and 39 SS is ;39 (Spingola et al. 1999; Meyer et al. 2011 ). Increasing the distance in the context of a specific intron hampers progression through the second step (Cellini et al. 1986; Luukkonen and Seraphin 1997) . In humans, BP-to-39 SS distances also cluster in a fairly narrow window ;25 nt (Gao et al. 2008; Corvelo et al. 2010) , with the exception of a small number of introns that contain distant BSs that can be >150 nt from the 39 SS (Gooding et al. 2006) . Altering the distance between the BP and 39 SS in the context of in vitro splicing substrates results in accumulation of splicing intermediates (Reed 1989; Chua and Reed 2001) . So, despite differences during spliceosome assembly between yeasts and metazoans, uncoupling of the two steps of splicing as a consequence of a long BP-to-39 SS distance has been observed in diverse systems.
In vertebrates, binding of U2AF to the Py tract promotes U2 recruitment Green 1989, 1991) , and mutations that shorten the Py tract or replace pyrimidines with purines interfere with spliceosome assembly (Roscigno et al. 1993; Coolidge et al. 1997) . Similarly, in fission yeast, the Py tract has been shown to function prior to the first step of splicing (Romfo and Wise 1997) . Here, a preformed complex of SF1 and the small and large subunits of U2AF bind cooperatively to the BS, Py tract, and 39 SS (Huang et al. 2002) . The prominent role of a Py tract during the early stages of splicing has complicated the analysis of its roles during the second step. However, synthetic splicing substrates containing competing splice sites revealed a function of the Py tract in 39 SS choice and second-step kinetics (Reed 1989) . Notably, completion of the second step was only dependent on a Py tract in the context of a long distance between the BP and 39 SS. Similarly, in budding yeast, where introns were long thought not to contain functionally important Py tracts, examination of model substrates revealed a critical function for uridine-rich motifs in the identification and utilization of distant splice acceptor sites (Patterson and Guthrie 1991) . A role for Py tracts in promoting the second step therefore appears to be widely conserved as well.
What is more surprising is that a temperature-sensitive allele of U2AF59 would compromise completion of the second step at the restrictive temperature ( Fig. 3C) . At least in mammalian splicing extracts, the large subunit of U2AF is replaced by three proteins of the U5 snRNP prior to the second step of splicing (Chiara et al. 1997 ) and is not detected in the C complex (Agafonov et al. 2011) . Fission yeast may differ in this regard, or U2AF may remain transiently associated with the spliceosome and promote the second step even after direct interactions with the Py tract has ceased.
A strong BS can impede completion of splicing
Binding of the U2 snRNP to the BS is one of the earliestand in some cases, the earliest-events in spliceosome assembly (Hoskins et al. 2011) , and the extent of sequence complementarity correlates positively with the rate of assembly and first cleavage reaction (Zhuang et al. 1989) . Pioneering cross-linking studies in the early 1990s suggested that the U2-BS association is maintained through both steps of splicing (Wassarman and Steitz 1992) , and consistent with this assertion, the U2 snRNP remains part of the spliceosome after the first step (Bessonov et al. 2008) . What has remained puzzling in this regard is that BS mutations to either G or U inhibit the second step of splicing in yeast and human cell extract (Fouser and Friesen 1986; Horning et al. 1986; Jacquier and Rosbash 1986; Tseng et al. 2011) . Using an orthogonal splicing system involving a highly substituted and reporterspecific second copy of U2, it has been shown that a change in the position of the bulged nucleophile imposes a block on the second step (Smith et al. 2009 ). One interpretation of these results is that the nucleotide change affects the flexibility of the RNA, and this impairs the conformational rearrangements that position the RNA correctly for the second transesterification reaction.
An indication that the U2-BS interaction may unwind prior to 59 SS cleavage came from the observation of trans-splicing products between the 59 end of U2 and the 39 exon of a reporter gene in budding yeast (Smith et al. 2007 ). While those results indicated that U2-BS basepairing is more dynamic than previously thought, it did not suggest that maintenance of the U2-BS interaction is detrimental to the completion of splicing. Our analysis showed that in the appropriate context, sequence complementarity between the BS and U2 antagonizes the completion of splicing and favors uncoupling of the two steps. In light of these observations, it seems likely that at least partial or transient disruption of U2-BS base-pairing is part of the transition from the first to the second step of a normal splicing reaction. The molecular function of this rearrangement will need to be defined by future studies.
A 'proofreading pathway' generates functional telomerase RNA
Our results show that a combination of intronic elements hampers the transition from the first to the second step of splicing and is critical for the release of the TER1 59 exon after the first step of splicing. The implication of Prp22 and Prp43 in TER1 processing further suggests that the ''discard pathway'' is not merely acting in the recovery of spliceosomes from defective or suboptimal substrates, but in the case of TER1, promotes the release of a functional product. As the mechanism for attenuating the transition from the first to the second step as well as the molecular machinery are widely conserved, additional targets for this pathway are likely to be discovered. The observation that a partial block to the second step occurs for at least one intron in a protein-encoding gene in S. pombe, together with the recent identification of a substantial number of splicing intermediates in S. cerevisiae (Harigaya and Parker 2012) , indicate that the discard pathway may also function in the regulation of gene expression.
Materials and methods
Yeast strains and constructs
Genotypes of the strains used in this study are listed in Supplemental Table I . The basic reporter was generated by replacing the ura4 ORF in pDblet (Brun et al. 1995 ) with a synthetic DNA fragment comprised of the ura4 ORF followed by 14 nt of TER1 exon 1 sequence (GGGCCCAUUUUUUG), the TER1 intron, and the TER1 second exon using AvrII and StuI restriction sites. Derivatives of this construct were generated by site-directed mutagenesis or subcloning. Plasmids were introduced into S. pombe strains PP138 and PP407 by electroporation, and transformants were selected on Edinburgh minimal medium (EMM) lacking uracil. For genomic integration, ter1Tura4 spores were generated from PP433 (Tang et al. 2012) , germinated on YEA, and selected on EMM lacking uracil. A DNA fragment containing the mutations in the context of a genomic copy of TER1 was amplified from plasmid DNA by PCR using primers PBoli923 (GTAAACGGAATATCCGCGATG) and BLoli1122 (TTCCA TATAGTCGATGCTCG). The PCR product was purified, and 1 mg was used for lithium acetate transformations as described (Baumann and Cech 2000) . Transformants were selected on medium containing 5-fluoroorotic acid (59 FOA), and strains containing the correct integration were identified by colony PCR and sequencing.
The prp22 knockout strain was generated by replacing one copy of prp22 + in a diploid strain with the kanamycin resistance marker. The heterozygous prp22 + /prp22Tkan R strain was transformed with plasmid pSH3 containing wild-type prp22 + and the ura4 gene. The diploid transformants were sporulated, and prp22Tkan R cells containing pSH3 were selected. The resultant strain was then transformed with a plasmid derived from pBG1 (Burke and Gould 1994) containing prp22 + or point mutants and the his3 gene as a selection marker. Medium containing 59 FOA and lacking histidine was used to select for cells that have lost pSH3 and now harbor a prp22 mutant or prp22 + on the pBG1derived plasmid. The presence of each prp22 mutant allele was confirmed by PCR and sequencing. Temperature and cold sensitivity were examined by incubation at 36°C and 22°C, respectively. The same procedure was employed to generate temperature-sensitive prp43 strains, which contained prp43 mutants on a plasmid derived from pBG1 in a prp43Tkan R background.
RNA analysis
RNA isolation was performed as described previously ) with the following modifications for temperature-sensitive strains. Cultures (400 mL) of U2AF59 ts strains were grown at 25°C to a density of 5 3 10 6 cells per milliliter. The culture was shifted rapidly to 36°C by immersion and agitation in warm water. Once the culture medium had reached 36°C, a 100-mL sample was taken for RNA isolation. Cultures were then transferred into a shaker at 36°C, and additional samples were harvested at the indicated time points. Similarly, prp22 and prp43 mutant strains were grown into log phase at 32°C and shifted rapidly to 22°C. The point at which the culture medium reached 22°C is referred to as 0 min. To isolate RNA, three or five rounds of phenol-chloroform extraction were performed, depending on whether the sample volume was 100 mL or 400 mL. After the final chloroform isoamyl alcohol extraction, the supernatant containing RNA was ethanol-precipitated at À20°C for at least 1 h. Total RNA was precipitated by centrifugation, and the pellet was dissolved in 50 mM sodium acetate (pH 5.2). Except for the Northern shown in Figure 1B , all samples were subjected to RNaseH cleavage prior to Northern analysis to improve resolution of precursor, spliced, and cleaved forms. Briefly, 15 mg of DNase-treated RNA were combined with two DNA oligos (600 pmol) complementary to sites in the first and second exon, respectively. BLoli2269 (AACATCCAAGCCGAT ACCAG) and BLoli2326 (GCAAACAAGGCATCGACTTTTTC AATAACCAACCAAAA) were used for constructs containing the ORF and 39 UTR of ura4. BLoli2326 was replaced with BLoli1275 (CGGAAACGGAATTCAGCATGT) for constructs containing TER1 sequences downstream from the intron. Oligonucleotides BLoli3695 (TGGGCAATTGTATTCTCTGC), BLoli3563 (AAAAGCCAACGTAAATGCTG), and oligo-dT were used for RNaseH cleavage of ATP23 mRNA. The mix was heated to 65°C in a heat block, and a second heat block at 75°C was placed on top of the tubes to reduce condensation. After 5 min, the heat block sandwich was transferred onto a Styrofoam box to allow slow cooling to room temperature. After 45 min of slow cooling, RNaseH buffer (final concentration 13; New England Biolabs) and RNaseH enzyme (5 U) were added, and samples were incubated for 30 min at 37°C. RNaseH-treated samples were ethanol-precipitated for at least 1 h at À20°C. RNA pellets were recovered by centrifugation, dissolved in 13 formamide loading buffer, and run on a polyacrylamide gel for Northern analysis as described below.
Northern blot
Samples were run on 4% polyacrylamide gels in Tris-borate-EDTA (TBE) containing 7 M urea and transferred to a Biodyne Nylon transfer membrane (Pall Corporation) in TBE buffer. Hybridizations with radiolabeled probes were carried out in Church-Gilbert buffer at 55°C (TER1 probe) or 42°C (reporter and sn101 probes). A TER1 probe recognizing the RNaseH cleavage products was generated by nick translation of a PCR fragment (nucleotides 536-998 of TER1) in the presence of 32 Pa-dCTP. The ura4 ORF was detected using BLoli2072 (GTC TTTGCTGATATGCCTTCCAACCAGCTTC), and the 39 UTR was detected with BLoli2318 (GAAACCGGAAACGGAATTC AGCATGTTTTAATAAAAAGAT), each labeled with polynucleotide kinase in the presence of 32 P-g-ATP. BLoli1136 (CG CTATTGTATGGGGCCTTTAGATTCTTA) complementary to snRNA101 was used to visualize a loading control. ATP23 mRNA was detected on Northern blots using a nick-translated PCR fragment generated with primers BLoli3693 (TTTGACG ACCACAGGTTTGA) and BLoli3592 (AGGAATTGAACAC TTCTTCAACGAT) as probe and a hybridization temperature of 55°C.
RT-PCR
Semiquantitative RT-PCR for TER1 was performed as described . For 39 end sequencing, oligo-dT primer was used for the RT reaction, and PBoli517 (GCTTTTGGCTGAAATG TCTTCC) was used as forward primer in the PCR step.
Spotting assay
Cultures were grown to log phase (5 3 10 6 cells per milliliter) in EMM supplemented with uracil (150 mg/L), leucine (150 mg/L), and adenine (75 mg/L). Threefold dilutions of samples were plated onto PMG (pombe minimal medium with glutamate) in triplicate using an epMotion automated pipetting system (Eppendorf), and plates were incubated at 22°C, 32°C, and 36°C, respectively. Plates were scanned after 3 d at 32°C and 36°C and after 7 d at 22°C.
Computational analysis
To create a database of S. pombe introns, we first compiled the sequences corresponding to the 4862 introns based on a 2007 release of the S. pombe genome. The sequence corresponding to the TER1 intron was added manually. We then applied a filter to remove duplicate sequences and annotated introns that did not begin with ''G T / C '' and end with ''AG,'' which reduced the number to 4824 putative intronic sequences.
A Gibb's sampler (http://bayesweb.wadsworth.org/gibbs/gibbs. html) was then used to construct PWM. The first 7 and last 3 nt were excluded, as they represent the 59 and 39 SSs, respectively. The recursive sampling algorithm was used with the default settings for eukaryotes. The top five motifs of lengths 7, 9, and 10 were evaluated. All PWMs generated by this analysis resembled BSs. The Gibb's sampler was rerun to construct the best PWM found at least once in all of the sequences. The final BS PWM (represented as a sequence logo in Fig. 6A ) was 10 nt long.
BS scores were calculated as follows. At each position, the BS score S BS was calculated by applying the following equation to a 10-nt window starting at that position:
In this equation, f i is the frequency for the nucleotide found in the PWM at position i, and I i is the Shannon information (in bits) for position i as calculated from the PWM for that position (the Shannon information was calculated as described in Schneider 2010). The score S BS is therefore the total number of bits for the sequence contained in the window as defined by the BS PWM. Using this scoring method, the top scoring sequence is ''TTA CTAACTT,'' which has a S BS = 7.856.
The average S BS for all positions was 3.1, but the average score for the highest-scoring position in each intron was 7.1 (Supplemental Fig. 5D ). Approximately 96% of all introns had at least one site with a score >6 (Supplemental Fig. 5C ), and this was therefore used as the cutoff for predicting putative BSs in each intron. Nearly half (42%) of the introns had only a single site with a score >6 (Supplemental Fig. 5D ). In the cases where there was more than one site with a score >6, the site that was closest to the acceptor site but >5 nt from the 39 SS was chosen as the putative BS.
